Ogonovszky, H.; Sasvári, M.; Dosek, A.; Berkes, I.; Kaneko, T.; Tahara, S.; Nakamoto, H.; and Radák, Z. (2005). The effects of moderate, strenuous, and overtraining on oxidative stress markers and DNA repair in rat liver. Can. J. Appl. Physiol. 30 (2) 
Introduction
The generation of reactive oxygen species (ROS) is a necessary consequence of aerobic metabolism. Interestingly, both higher oxygen demand and hypoxia are known to increase the formation of ROS (Bresgen et al., 2003; Ji, 1993; Ji and Fu, 1992; Moller et al., 2001) . Physical exercise, especially a single bout of exercise, due to the limited adaptation of intensity and/or duration, could generate increased levels of ROS and result in oxidative damage to macromolecules (Davies et al., 1982; Radak et al., 2001) . On the other hand, regular exercise has been shown to protect against oxidative stress-associated diseases (Carnethon et al., 2003; Duncan et al., 1997) and decrease the levels of lipid peroxidation (Alessio and Goldfarb, 1988; Venditti and Meo, 1997) , oxidative protein, and DNA damage (Radak et al., 1999; 2002) . Liver is one of the most sensitive organs for exercise-induced oxidative stress, and therefore adaptation (Radak et al., 1999; . The oxidative stress related effects on liver remained to be studied.
There is little information as to whether regular exercise above a certain intensity or duration could be harmful. It would be of interest to identify the optimum exercise loading that would enhance certain physiological functions, have a significant preventive effect against diseases, and cause no accumulation of oxidative damage. According to the current understanding of adaptation to physical exercise, until an overtraining syndrome becomes apparent, regular exercise has beneficial effects. With overtraining, however, which is still poorly understood, the homeostatic balance involving a wide range of hormonal, metabolic, and immunologic changes is altered. Tiidus (1998) has suggested that ROS play a role and might be an associative or causative factor of overtraining.
Therefore we tested the hypothesis that regular exercise with different loadings, including a load aimed at achieving overtraining, can cause oxidative damage to lipids and proteins. We further were interested in the effect of exercise loading on the activity of antioxidant and DNA molecules in liver, using the rat model.
Methods

ANIMALS AND EXERCISE
The protocol of the study was reviewed and approved by the local ethics committee. A total of 24 Wistar rats, age 20 months, were assigned to the following groups: control (C); moderately trained (MT, 1 hr swimming/day, 5 days a week for 8 weeks); strenuously trained (ST, swimming duration increased by 30 min each week until reaching 4.5 hrs for the last week); and overtrained (OT, 1 hr swimming/day, 5 days a week for 6 weeks, at which point the duration was abruptly increased to 4.5 hrs for the remaining 2 weeks). One day after the last exercise session, blood was collected from the rats to enable a determination of ACTH and corticosterone levels, which were used as markers of overtraining. Liver was excised, washed, and frozen in liquid nitrogen and stored at -80 °C until analyses.
BIOCHEMICAL ASSAYS
Plasma corticosterone was measured from 10 µL of unextracted plasma with an RIA using a specific antiserum developed in our institute from rabbits against the corticosterone-3-carboxymethyloxim-BSA. The corticosterone antibody crossreactivity with other naturally occurring adrenal steroids was 0.05%, except for desoxycorticosterone (1.5%) and progesterone (2.3%). The final dilution of the antibody was 1:40,000. Incubation time was 24 hrs at 4 °C, and a second antibody (anti-rabbit from goat) and 6% polyethylene glycol solution were used for separation. A calibration curve was prepared from corticosterone (Calbiochem) and ranged from 0.27 to 40 pmol/tube. The intra-and interassay CVs were 12.3 and 15.33%, respectively (Zelena et al., 1999) .
The ACTH antibody (No. 8514), directed against the midportion of the h-ACTH1-39 molecule, had been raised in rabbit in the Institute of Experimental Medicine, Hungarian Academy of Sciences (Budapest) (Zelena et al., 2003) .
The activity of superoxide dismutase (SOD) was measured by the method of Mishra and Fridovich (1972) . The content of glutathione (GSH) was measured by the method of Tietze (1969) . Catalase activity was measured as described by Beers and Seizer (1952) . The activity of glutathione peroxidase (GPX) was assayed as described by Sedlak and Lindsay (1968) . The level of lipid peroxidation (LIPOX) was assessed by the determination of thiobarbituric acid reactive substance (TBARS) concentration (Mihara and Uchiyama, 1978) . The oxidative modification of amino acid residues was measured by the accumulation of reactive carbonyl derivatives (RCD) as described by Radak et al. (1997) .
Isolation of nuclear DNA and the measurement of 8-hydroxydeoxyguanosine (8-OHdG) were carried out as described by Kaneko et al. (1997) . In brief, after the isolation of DNA, the aqueous solution containing 50 µg DNA was adjusted to 45 µl, and 5 µl of 200 mM sodium acetate buffer (pH 4.8) and 5 µg of nuclease P1 were added. After a purge with a nitrogen stream, the mixtures were incubated at 37 °C for 1 hr to digest the DNA to nucleotides. Then, 5 µl of 1-M Tris-HCl (pH 7.4) and 0.65 units of alkaline phosphatase were added and the mixture was incubated at 37 °C for 1 hr to hydrolyze the nucleotides to nucleosides. Nucleosides in samples were analyzed by an HPLC/ECD system consisting of a Pegasil ODS column connected to a Shimadzu LC-10 pump (Tokyo, Japan) coupled to an ECD (ESA Coulechem II 5200; Bedford, MA). The solvent system used was a mixture of 6% methanol, 12.5 mM citric acid, 30 mM sodium hydroxide, 25 mM sodium acetate, and 10 mM acetic acid. The flow rate was 1.4 ml/min. The quantities of dG and 8-OHdG were determined from the absorbance at 260 nm using an UV detector and simultaneously by ECD, respectively. The amount of 8-OHdG in the sample was expressed relative to the concentration of dG EXCISION ASSAYS Samples were homogenized in buffer containing 20 mM of Tris (pH 8.0), 1 mM of EDTA, 1 mM dithiothereitol, 0.5 mM spermidine, 0.5 mM spermine, 50% glycerol, and protease inhibitors. Homogenates were rocked for 30 min after the addition of a 1/10 vol/vol 2.5 M of KCl and centrifuged at 14,000 rpm for 30 min. The supernatant was aliquoted and stored at -80 °C. Protein levels were measured by the BCA method. The excision assay was carried out according to the protocol described earlier (Radak et al., 2003) . In brief, 20 picomoles of synthetic probe containing either 8-oxoG (Trevigen, Gaithersburg, MD) were labeled with P 32 at the 5' end using polynucleotide T4 kinase (Boehringer, Ingelheim, Germany). For the nicking reaction, protein extract (2 µg) was mixed with 20 µg of a reaction mixture containing 0.5 M of N- [2-hydroxyethel] piperazine-N' -[ethanesulfonic acid], 0.1 M EDTA, 5 mM dithiolthreitol, 400 mM KCl, purified BSA, and labeled probe (approx. 2,000 cpm).
The reaction was carried out at 30 °C for 5-15 min and stopped by placing the solution in ice. Then 30 µl chloroform were added, samples were centrifuged, and 15 µl was taken and mixed with loading buffer containing 90% formamide, 10 mM NaOH, and blue-orange dye. After 3 minutes of heating at 95 °C, samples were chilled and loaded into polyacrylamide gel (20%) with 7 M urea and 1 ϫ TBE and run at 400 mV for 2 hrs. Gels were quantified using a BAS 2000 Bioimaging Analyzer (Fuji Film Co., Tokyo). Radioactive signal densities were determined using the software designed for this system. Statistical significance was assessed using ANOVA, followed by the Scheffé post hoc test. The significance level was set at p < 0.05.
Results
The body masses of control and MT rats (521.4 ± 23.6 g and 512.8 ± 23.9 g, respectively) were significantly higher than those of ST and OT rats (447.86 ±11.5 g and 432.8 ± 14.7 g, respectively). Overtraining has previously been associated with loss of body mass (Fry et al., 1991) . The decreases in plasma ACTH levels in MT and OT compared to control did not reach a significant level (Figure 1 ). Corticosterone levels (Figure 2 ) decreased in all exercising groups but the changes were not significant. The activities of antioxidant enzymes did not change significantly in the rat liver (Table 1) . RCD content decreased in the liver of exercising rats, and the decrease was significantly different between the MT and control groups ( Figure  3 ). LIPOX levels, as assessed by TBARS, decreased in all experimental groups but the changes were not significant ( Table 1 ). The 8-OHdG levels from the nuclear DNA increased significantly in the liver of OT, but no significant alterations were observed in the other exercising groups (Figure 4) . The activity of 8-oxoG repair enzyme, OGG1, measured from the crude cell extracts, tended to increase in MT and ST samples, but the alteration was not statistically significant ( Figure 5 ).
Discussion
Regular exercise is carried out in order to evoke adaptations that include a wide range of beneficial effects. It generally results in an increased mean lifespan (Hawkins et al., 2003; Wannamethee et al., 1998) and protection against various diseases including oxidative stress related diseases (Carnethon et al. 2003; Duncan et al., 1997) . One important signal of adaptation could be a decrease in the accumulation of oxidative damage, which could represent the combined efficiency of antioxidant and damage repair systems. In the present study we found that oxidative protein damage decreased in the liver of the MT group compared to control, which suggests either a decreased level of ROS production or an increased level of antioxidant and repair processes.
The repair process of oxidative protein damage is primarily executed by the proteasome enzyme complex. Interestingly, in this study the levels of RCD were not elevated by overtraining. This lack of change might be due to an overtraininginduced catabolic process As a result, the increased degradation of oxidized proteins would overcompensate the oxidative stress, which is suspected to occur during overtraining. Surprisingly, no significant alteration was detected in the activity of antioxidant enzymes. Generally, regular exercise is believed to result in enhanced activity of antioxidant enzymes and enhanced protection against ROS (Hollander et al., 2000; Ji, 1995 Ji, , 1999 Sen, 1995; Sen et al., 1992; Somani and Husain, 1996) . Ji (1993) has pointed out that exercise training has little effect on the anti- oxidant enzyme status of liver. However, we are uncertain why the applied moderate, strenuous, and overtraining did not change the activity of antioxidant enzymes, as liver seems to be sensitive to oxidative stress. We did not observe increases in DNA damage in brain and skeletal muscle (data are not shown), which implies that the antioxidant system should be very inducible. Our recent data suggest that regular exercise reduces the formation of ROS in liver (Radak et al., 2004) , but this cannot be the case for OT, since we measured an increase in DNA damage in the liver. One plausible explanation is that the maladaptation, which probably occurs during overtraining, disrupts the liver's regulating system. Indeed, sugar balance, which is primarily controlled by the liver, is known to be severely affected by overtraining (Petibois et al., 2003) . Hence it cannot be excluded that the altered homeostasis of liver is responsible, at least in part, for the lack of an increase in antioxidant enzymes.
To date, very little is known about the characteristics of the enzymes involved in the repair of oxidative damage during exercise. Recent articles have revealed that exercise can increase the activity of some base excision-repair enzymes in both human and animal models (Radak et al., 2002; . The mRNA content of human MutT homologue, which repairs 8-hydoroxydeoxyguanosine, has also been observed to be elevated in the leukocyte DNA in trained but not in sedentary subjects (Sato et al., 2003) . A small increase in OGG1 activity has been attributed to exercise training when measured from 2 µg of crude cell proteins. A greater increase in OGG1 activity has been suggested in nuclear proteins. OGG1 is able to prevent a variety of DNA damages, but its main substrate is 8-oxoG, which is known to have carcinogenic effects. Therefore, the small increase measured over an extended time period could have very significant consequences.
It must be emphasized that although our aim was to reach an overtrained state in at least one group, it is uncertain whether we succeeded. The changes in body mass suggest that the OT group suffered the most severe challenge of exercise training. On the other hand, the corticosterone levels, which were used as potential markers of overtraining, do not completely confirm that OT reached an overtrained state. Unfortunately, according to Fry et al. (1991) , there is still no exact marker of overtraining. It appears that protection and repair of DNA in the liver are not efficient enough to prevent the increase in 8-OHdG. However, our hypothesis, that exercise above a certain load causes massive oxidative stress, is not fully confirmed by our present findings. Further studies are needed to examine the link between exercise load and the antioxidant/repair systems.
